Single nucleus RNA-Seq (sNuc-Seq) profiles RNA from tissues that are preserved or cannot be dissociated, but does not provide the throughput required to analyse many cells from complex tissues. Here, we develop DroNc-Seq, massively parallel sNuc-Seq with droplet technology. We profile 29,543 nuclei from mouse and human archived brain samples to demonstrate sensitive, efficient and unbiased classification of cell types, paving the way for charting systematic cell atlases.
Single cell RNA-seq has become an instrumental approach to interrogate cell types, dynamic states and functional processes in complex tissues 1, 2 . However, current protocols require the preparation of a single cell suspension from fresh tissue, a major roadblock in many cases, including clinical deployment, handling archived materials and application in tissues that cannot be readily dissociated. In particular, in the adult brain, harsh enzymatic dissociation harms the integrity of neurons and their RNA, biases data in favour of recovery of easily dissociated cell types, and can only be used on samples from young organisms, precluding, for example, those obtained from deceased patients with neurodegenerative disorders. To address this challenge, we 3 To address this challenge, we developed DroNc-seq (Fig. 1a) Fig. S1A , B) to generate smaller coencapsulation droplets (75 µm diameter) and flow parameters; we optimized the nuclei isolation protocol to reduce processing time and increase capture efficiency ( Supplementary Fig. S1C ); and we changed the downstream PCR conditions (Methods). We validated for single nucleus specificity using species-mixing experiments 5 , in which we combine nuclei from human 293 cells and mouse 3T3 cells in one DroNC-seq run, to assess single nucleus purity, as previously performed for cells 5 ( Supplementary Fig. S1D) . Notably, the DroNc-Seq device and workflow are compatible with current Drop-Seq platforms.
DroNc-Seq robustly generated high quality expression profiles from nuclei isolated from or DroNc-Seq (r=0.99). Those genes with significantly higher expression in nuclei (e.g., the lncRNAs Malat1 and Meg3) or cells (mitochondrial genes Mt-nd1, Mt-nd2, Mt-nd4, Mt-cytb) (Fig. 1d) were consistent with their known distinct enrichment in nuclear vs. Table 1 ). Interestingly, while in both methods over 85% of reads align to coding loci, in cells 80% of these reads map to exons, whereas in nuclei 56% map to exons and 32% to introns (Fig. 1e) , reflecting the enrichment of nascent, pre-processed transcripts in the nuclear compartment 3,11-14 .
non-nuclear compartments (Supplementary
Clustering 9 of 5,592 nuclei profiled from frozen adult mouse hippocampus (3 samples) and prefrontal cortex (3 samples) (each with >20,000 reads per nucleus, Methods)
revealed groups of nuclei corresponding to known cell types (e.g., GABAergic neurons) and anatomical distinctions between the brain regions and within the hippocampus (e.g., CA1, CA3, dentate gyrus; Fig. 1f) . Neurons of the same class but from different brain regions (and different samples) group together, as was also the case for GABAergic neurons, glia and endothelial cells (Fig. 1f-g ). Among the non-neural cells, different glia cell types, including astrocytes, oligodendrocytes and oligodendrocyte precursor cells (OPC), readily partitioned into separate clusters, despite their relatively low RNA levels and correspondingly lower numbers of detected genes (Fig. 1f) . Finally, DroNc-Seq of mouse hippocampus compared well to sNuc-Seq of the same region 15 , maintaining the ability to detect the same cell types and correlated cell-types specific signatures (Fig. 1h, Supplementary Table 2 ) with increased throughput, despite a lower number of genes detected per nucleus in the massively parallel setting.
To demonstrate the utility of DroncSeq on archived human tissue, we profile adult (40-65 years old) human post-mortem frozen brain tissue archived by the GTEx project 16 . We analysed 10,368 nuclei (each with >20,000 reads per nucleus) from five frozen postmortem archived samples of adult human hippocampus and prefrontal cortex, revealing distinct nuclei clusters corresponding to the known cell types in these regions (Fig. 2a) .
We readily annotated each cell type cluster post-hoc by its unique expression of known canonical marker genes (Fig. 2b) , including rare types, such as adult neuronal stem cells specifically found in the hippocampus (Fig. 2a, cluster 9 ). Although the human archived samples vary in the quality of the input material, DroNc-Seq yielded high-quality libraries of both neurons and glia cells from each sample (Fig. 2c, bottom) , and each cluster was supported by multiple samples (Fig. 2c, top) , demonstrating the robustness and utility of DroNc-Seq for clinical applications.
Finally, we determined cell-type specific gene signatures for each human cell type cluster (Fig. 2d) , as well as a pan-neuronal signature, a pan-glia signature, and signatures for neuronal stem cells and endothelial cells (Supplementary Table 3 (Fig. 2e) , consistent with the known role of interferon signalling in modulation of the blood brain barrier 18 . Moreover, we captured finer distinctions between closely related cells ( Fig. 2f and Supplementary   Fig. 2 ), such as, distinct sub-types of GABAergic neurons (Fig. 2f) , each robustly identified across biological replicates (Supplementary Fig. 3a) , and often from both brain regions (Fig. 2g) . Two of the GABAergic neuron sub-clusters are specific to the hippocampus ( Supplementary Fig. 3a, Fig. 2f , clusters 1 and 4); these too are supported by multiple samples (Supplementary Fig. 3a) . We associated each GABAergic neuron sub-cluster with a distinct combination of canonical markers (Fig. 2h) , as previously reported in the mouse brain 3, 19, 20 .
In conclusion, DroNc-Seq is a massively-parallel single nucleus RNA-seq method, which is robust, cost-effective, and easy to use. Our results show that DroNc-Seq profiling from both mouse and human frozen archived brain tissues successfully identified cell types and sub-types, rare cells, expression signatures and activated pathways, opening the way to systematic single nucleus analysis of complex tissues that are either inherently challenging to dissociate or already archived. This will help create vital atlases of human tissues and clinical samples. 
